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We report a first principles theoretical investigation of quantum transport in monolayer WSe2
field effect transistor (FET). Due to a strong spin-orbit interaction (SOI) and the atomic structure
of the two-dimensional (2D) lattice, monolayer WSe2 has an interesting electronic structure that
exhibits Zeeman-like up-down spin texture near the K and K′ points of the Brillouin zone. In a
FET, the gate electric field induces an extra, externally tunable SOI that re-orients the spins into a
Rashba-like texture thereby realizing electric control of the spin. Quantum transport is modulated
by the spin texture, namely by if the spin orientation of the carrier after the gated channel region,
matches or miss-matches that of the FET drain electrode. The carrier current in the FET is labelled
both the spin index and the valley index, realizing spintronics and valleytronics in the same device.
PACS numbers: 73.63.-b, 75.70.Tj, 73.25.+i,
Electronic materials in reduced dimension have at-
tracted great attention for decades. The newest member
of such material is the two dimensional (2D) transition-
metal dichalcogenides (TMDC). Since the exfoliation of
monolayer TMDC (ML-TMDC) three years ago[1, 2],
very interesting electronic and optical properties of these
materials have been already discovered both experimen-
tally and theoretically[3–8]. TMDC is in the form of
MX2 where M denotes heavy elements such as Mo, W,
and X denotes S, Se, etc.. The most important properties
of several ML-TMDC, for instance WSe2 and MoS2, are
the direct band gap in the visible frequency range[1, 2]
and the strong spin-orbit interaction (SOI). ML-TMDC
materials have honeycomb lattice shown in Fig. 1(a) and
in the momentum space there are two inequivalent val-
leys at K and K ′ of the first Brillouin zone (BZ, Fig.
1(a)). Due to the well-separation of K from K ′, it was
proposed[4–7] that the valley index τ = K,K ′ may be
used as quantum numbers for valleytronics. At the same
time, the strong SOI are fundamentally important for
spintronics. Being able to realize both valleytronics and
spintronics in a single material is a very exciting new
opportunity and ML-TMDC may well be the emerging
electronic material for new generations of nanoelectron-
ics. It is the purpose of this work to theoretically inves-
tigate fundamental properties of quantum transport in
ML-TMDC material WSe2 in the form of a field effect
transistor (FET).
In particular, by atomistic first principles analysis we
found that the spins in WSe2 can be well controlled by
an external electric field - here by a gate voltage of the
FET, and such a control has direct consequences to quan-
tum transport properties of the device. Achieving ef-
ficient electric control of spin is a long-sought goal of
spintronics [9–12], for WSe2 it is due to not only the
strong SOI but also to its 2D lattice structure. Con-
ceptually, SOI is proportional to sˆ · (∇V (r) × k), where
FIG. 1: (Color online)(a). Top view and side view of mono-
layer WSe2 and its corresponding first BZ with inequivalent
K and K′ points. In-plane dipoles are found around the W
atoms as indicated by the red arrows labelled d1,d2 which
add up to a net dipole dnet. (b). The calculated electronic
band structure of the monolayer WSe2. The Fermi level is
indicated by the horizontal dashed green line. (c). Tilting
angle Φ along the edge of the first Brillouin zone for the up-
permost two spin splitting valence bands, where the red and
dark lines correspond to the two valence bands in panel (b)
marked in the same colors, respectively.
sˆ is the spin and k the momentum of the carrier while
E = −∇V (r) the electric field seen by the carrier. One
may view (∇V (r) × k) ≡ Beff as an effective magnetic
field acting on spin sˆ. For monolayer WSe2, k is in the
2D plane; E is dominated by an internal electric dipole
field[8] (see Fig. 1(a)) thus also in the plane, giving rise
to a Beff largely perpendicular to the plane to orient
the spins into a Zeeman like up-down texture[8] in most
regions of the BZ. For WSe2 FET, gate voltage adds an
additional electric field Eext which is perpendicular to
the 2D plane: (Eext×k) is thus oriented inside the plane
which attempts to orient the spins into a Rashba like
2texture. The spin orientations can thus be controlled by
Eext. As a result, after a carrier traverses the gated chan-
nel of the FET, its spin orientation is modulated by the
gate voltage and its transmission probability is large or
small depending on the spin orientation being matched or
mismatched to the spin orientations in the drain contact.
Both equilibrium and nonequilibrium quantum transport
properties are therefore influenced. For the WSe2 FET,
the current is not only labelled by the spin index s but
also the valley index τ : I = Is,τ , both spin-current and
valley-current are possible outcomes of this interesting
device.
Before analyzing FET, we briefly discuss important
basic properties of monolayer WSe2. To this end we
relaxed the atomic structure of the material by density
functional theory (DFT) with the projector augmented
plane wave (PAW) method[13] as implemented in the
VASP package[14, 15]. Fig. 1(b) plots the calculated
band structure showing a direct gap[16] and a lift of spin
degeneracy at the top of the valence band and bottom of
conduction band along the M-K and K-Γ lines. Due to
the absence of inversion symmetry of monolayer WSe2,
the spin splitting reaches a maximum value ∼ 480meV at
the top of valence band (black and red lines in Fig. 1(b))
in K (K ′) points. Such a splitting is very substantial and
much larger than other ML-TMDC materials.
From the calculated charge Qnk of the Bloch state for
band n and wave vector k, we determine a spin polariza-
tion vector P = (Px, Py, Pz) by decomposing Qnk using
the Pauli matrix σ[17], Qnk = QI+Pxσx +Pyσy +Pzσz
where I is the unit matrix. From P we obtain the ti-
tling angle Φ = arctan[Pz/(P
2
x + P
2
y )
1/2] which charac-
terizes the spin texture: Φ = ±90o means the spins are
Zeeman-like, i.e. perpendicular to the 2D plane. Fig.
1(c) shows Φ for the top two valance bands along the
edge of the first BZ. At the K or K ′ point, spin polar-
ization is clearly Zeeman-like[8]: one band has spin up
(Φ = 90o) and the other spin down (−90o). Spin polar-
ization of the same band alternates between ±90o going
from K to K ′ to K etc. (see Fig. 1(a)) having a three-
fold rotational symmetry which reflects the D13h crystal
symmetry of monolayer WSe2. We note in passing that
going away from the K,K ′ valleys, Φ reduces from ±90o
which means the spins tilt away from the perpendicular
direction. A calculated “map” of Φ in the BZ is included
in the Supplemental Materials[18].
Having understood the spin texture in monolayer
WSe2, we now analyze the electric control of the tex-
ture in FET shown in Fig. 2(a). The FET is a two-
probe open structure of WSe2 where the channel re-
gion is controlled by gate voltage Vg, the source/drain
extend to y = ±∞ where bias voltage is applied and
current Iτ,s collected. For open device structures un-
der nonequilibrium, the state-of-the-art first principles
method is to carry out DFT within the Keldysh nonequi-
librium Green’s function (NEGF) formalism[19]. Here,
FIG. 2: (Color online) (a). Structure of the monolayer WSe2
FET with a top gate. The dotted lines indicate source and
drain which extend to y = ±∞. The W and Se atoms are
shown in blue and yellow. Periodic boundary condition is
assumed in the x direction. (b). Schematic plot of a carrier
incoming from the K valley and traversing the gated channel
region where its spin is modulated by the gate voltage. (c)
- (g): Titling angle Φ(r) of the scattering state ψ(E,k) in
the y− z plane averaged over the x-direction, for several gate
voltages. The side bars give the color coding for the value of
Φ(r). In (c), W and Se atoms are indicated as blue and yellow
balls. The two vertical green lines mark the gated region.
the WSe2 FET requires self-consistent NEGF-DFT anal-
ysis to include SOI and non-collinear spin, together with
self-consistent determination of the bias and gate poten-
tials. Our calculation is by the first principles quantum
transport package Nanodcal[19–21]. For technical details
we refer interested readers to Refs.[19, 20] and computa-
tion details to Ref.[22]. Again, we analyze the spin tex-
ture using polarization P, but for FET it is calculated
from scattering states which are eigenstates of the open
device Hamiltonian. Thus P(E, k, r) = (〈Sx〉, 〈Sy〉, 〈Sz〉)
in real space where 〈Sα(r)〉 = 〈ψ(E, k, r)|sα|ψ(E, k, r)〉
(α = x, y, z) is the expectation value of spin operators
at position r, ψ(E, k, r) is the two-component scattering
spinor wave function which we obtain from the NEGF-
DFT calculation[19], and sα is the corresponding Pauli
matrix.
As presented above, the Zeeman type spin splitting
occurs in the valence band (Fig. 1(b)), hence we focus on
quantum transport in the energy range [−1.75,−0.75]eV.
Fig. 2(b) plots a qualitative spin evolution where, as
discussed above, due to Vg an extra and in-plane SOI is
induced, thus the incoming Zeeman-like spins from the
source are rotated toward the 2D plane when traversing
the gated region, resulting to a Rashba-like spin texture.
Note we only plotted the up-spins in Fig. 2(b): due to
3time reversal symmetry exactly the same happens to the
down-spins. Very importantly, the gated region of the
FET acts as a large “defect” along the pristine WSe2
to break the translational symmetry, thereby opening up
the phase space for spin rotation by Vg.
Quantitatively, the electric control of P is vividly
shown in Fig. 2(c-g) which are obtained for trans-
port along the zigzag direction of the WSe2, at en-
ergy E = −0.77eV and near the K ′ valley. At Vg =
0, Fig. 2(c) shows that the Zeeman-like spin texture
(Φ(y, z) = −90◦, blue regions in the plot) is preserved in
the entire FET[23]. Increasing Vg, polarization becomes
|Φ(r)| < 90◦ (the lighter blue regions), namely the spins
swing toward the 2D x-y plane: a consequence of compe-
tition between the Vg-induced Rashba and the intrinsic
Zeeman spin-splitting. Importantly, the rotation of the
spin texture depends on the value of Vg. At Vg = −1
and −3.5V (Fig. 2(d,f)), Φ(r) is substantially away from
90o after exiting the gated region; on the other hand for
Vg = −2 and −4.75V (Fig. 3(e,g)), Φ(r) is close to 90o
after the gated region. We emphasize that while spins are
rotated by Vg , the time reversal symmetry is not broken
since up- and down-spins are rotated exactly opposite
ways. The gate control of spin texture has significant
consequences to quantum transport as we show below.
Having established the electric control of spin tex-
ture in the FET, we now calculate both equilibrium and
nonequilibrium quantum transport properties of the 2D
transistor. We consider two different FETs where trans-
port is along the armchair or zigzag directions of the
WSe2 lattice and mediated by the valence bands. Fig.
3(a) plots the calculated zero bias conductance G ver-
sus electron energy E for various gate voltages[24]. G
reduces as E increases toward the band gap of the ma-
terial, because of reduction of the number of incoming
channels at larger E, consistent with the band structure
(Fig. 1(b)). For our pure WSe2 FET and at a given E, Vg
monotonically reduces G because it changes the potential
of the channel relative to that of the source/drain, in the
energy range up to the top of valence band at −1.1eV
(black curve in Fig. 1(b)). Very interesting behavior
occurs in the valance band range E = [−0.9,−0.75]eV
(inset of Fig. 3(a)) where incoming electrons are located
in theK orK ′ valleys whose spin polarization is Zeeman-
like. In this energy range, G is no longer monotonic in
Vg but is modulated in an oscillatory manner by it.
The modulation of G by Vg is clearly shown in Fig.
3(b). The modulation period depends on FET being
zigzag or armchair, but also depends on the length of
the gated region. We found that the modulation period
is doubled when the length of the gated region is reduced
to half. Furthermore, fixing the length of the gate, G
modulates with the length of the central region of the
FET which contains the gated region plus the buffer lay-
ers on either side of the gated region (see Fig. 2(a)).
These results - happening in the valence band where large
FIG. 3: (Color online) (a). Conductance G versus energy E
for the zigzag FET (left) and armchair FET (right) at sev-
eral gate voltages. Inset: G in the zoom-in energy range
[−0.9,−0.75]eV. (b). G versus the gate voltage Vg for the
zigzag FET (left) and armchair FET (right) at several energy
values in the valence range.
SOI spin splitting occurs, clearly indicate that they are
related to the spin degree of freedom. Indeed, for the
E = −0.77eV curve in Fig. 3(b), the maxima of G occur
at Vg = −2 and −4.75V, corresponding to the spin tex-
tures in Fig. 2(e,g) where spin rotation is such that Φ(r)
is close to 90o after the gated region. On the other hand,
the minima of G occur at Vg = −1V and −3.5V, corre-
sponding to the spin textures in Fig. 2(d,f) where Φ(r)
is substantially away from 90o after the gated region.
Because spins in the drain of the FET are Zeeman-like,
carriers reaching there with Φ ∼ 90o can easily transmit
to the outside world, resulting to a large G. The oppo-
site is true for carriers having Φ 6= 90o. We conclude that
due to electric control of the spin by SOI, conductance of
the WSe2 FETs can be modulated by a gate voltage of
several volts. Varying the length of the gated region, the
necessary Vg for the modulation can also be changed. In
this regard, the WSe2 FET possesses the main device fea-
ture of the long-sought Datta-Das spin-transistor.[25, 26]
So far the results were obtained from parameter-free
first principles methods, in the following we construct
an analytical model to qualitatively explain the observed
conductance modulations in the FET. To this end we
start from a two-band effective Hamiltonian proposed
in Ref.[4] for the K,K ′ valleys of the WSe2, H2B =
at(τkxσˆx + kyσˆy) + (∆/2)σˆz − λτsˆz(σˆz − 1)/2, where
τ = ±1 is the valley index, a is the lattice constant, t the
hopping integral, ∆ the energy gap, 2λ is the spin split-
ting at the top valence band, Pauli matrix σˆx,y,z is a pseu-
dospin indexing the A = dz2 and B = (dx2−y2±idxy)/
√
2
orbitals and sˆx,y,z is the real spin. (kx, ky) is the wave
vector measuring from the K or K ′ points of the BZ.
For our FET the gate voltage induces an extra Rashba-
4FIG. 4: (Color online) (a) Drain current ID versus bias volt-
age with and without a gate voltage. (b). Different compo-
nents of the drain current ID,τ,s versus bias voltage with and
without a gate voltage.
like SOI and breaks the translational symmetry, as a re-
sult intervalley scattering between K and K ′ becomes
possible. Therefore, we augment H2B by a Rashba SOI
term HRashba which, in the basis of A,B orbitals, has
been worked out before[27] and presented in the Sup-
plemental Material[18]. Therefore, our model Hamilto-
nian becomes H = H2B + HRashba. From our ab initio
results we estimated the Rashba strength and found it
to be ∼ 10−11eVm which is not large. We can treat
HRashba as a perturbation to H2B and solve the prob-
lem analytically[18]. In particular, for a spin-up carrier
at the K valley with kx = 0 injected from the source
into the gated region of length L, we solve the wave
function emerging from the gated region from which the
probability of this carrier ending up into the spin-up or
-down channel is obtained. As shown in the Supplemen-
tal Material[18], this probability is found to be propor-
tional to cosine or sine functions of a variable that de-
pends on L, Vg and SOI parameters. The effective model
(H2B + HRashba) thus reproduces the spin modulation
and confirm the importance of the inducedHRashba term.
In a real FET, incoming carriers with momentum k of the
K valley can be scattered into k′ of the K ′ valley in the
gated region making the transport more complicated so
that the conductance modulation is not simply a sinu-
soidal function (see Fig. 3(b)).
We found that the WSe2 FET has fascinating non-
equilibrium transport properties when an external bias
is applied. In particular the presence of valley (τ) and
spin (s) degrees of freedom makes the current I a four-
index quantity in terms of valley-spin degrees of freedom,
Iα,τ,s =
e2
h
∫ µS
µD
dE
∑
k∈τ
T (E,k, s) (1)
where α labels source and drain (S,D) of the FET, µS,D
the chemical potentials of them. In our numerical cal-
culations, the external bias is applied in the drain, the
applied bias window is such that valence band with only
K, ↑ and K ′, ↓, conduction band with τ = K,K ′, s =↑, ↓
will participate transport. Therefore, Iα can be expressed
as:
IS = IS,K,↑ + IS,K′,↓,
ID = ID,K,↑ + ID,K,↓ + ID,K′,↑ + ID,K′,↓.
(2)
Note that the source current IS is composed of two com-
ponents IS,K,↑ = IS,K′,↓ = IS/2, because the spin and
valley indexes are locked together in the source of the
FET. After the gated region, due to scattering the drain
current has four components.
Figure 4 plots the calculated drain current for a zigzag
FET, armchair FET gives very similar results. Fig. 4(a)
shows the total drain current ID versus bias voltage Vb.
Since the monolayer WSe2 is a semiconductor having an
intrinsic band gap, ID is very small when Vg = 0 (red
curve) and it is greatly enhanced when a finite Vg is ap-
plied (blue curve), showing the typical transistor charac-
ter. Figure 4(b) plots different components of the drain
current ID,τ,s. Even though the current is mainly con-
tributed by ID,K,↑ and ID,K′,↓, the other two components
still account for about 1.7% of the current.
In the drain region of the FET, by summing up the
quantum numbers one can collect a valley-current ID,τ =
ID,τ,↑+ID,τ,↓, and a spin-current ID,s = ID,K,s+ID,K′,s.
For our FET and due to time reversal symmetry, the to-
tal valley-current and total spin-current vanish: (ID,K −
ID,K′)/2 = 0, (ID,↑ − ID,↓)/2 = 0. Nevertheless, if the
time reversal symmetry is broken, e.g. by a magnetic
field or magnetic impurity, a non-vanishing total valley-
and spin-current can be produced in the FET which will
be an extremely interesting outcome.
In summary, by atomistic first principles calculations
we have shown that 2D-TMDCWSe2 is a very interesting
electronic material for realizing a special FET that has
both spintronics and valleytronics characteristics. Due to
the strong SOI and the atomic structure of the 2D WSe2
lattice, monolayer WSe2 exhibits Zeeman-like up-down
spin texture near the K and K ′ points of the Brillouin
zone. In a FET, the gate electric field induces an extra,
externally tunable SOI that re-orients the spins into a
Rashba-like texture, realizing electric control of the spin.
Quantum transport is modulated by the spin texture,
namely depending on whether or not the carrier spin ori-
entation after the gated region matches that of the FET
drain electrode. A gate voltage of a few volts is adequate
to tune the spins and affect the carrier current. A sim-
ple effective Hamiltonian is proposed to account for the
qualitative behavior of the spin modulation.
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In this Supplemental Material, we present theoretical
details of two issues of the main text. Section I provides
calculated results of the tilting angle Φ at the top valence
band in the first Brillouin zone (BZ) surrounding the Γ
point of the monolayer WSe2. Section II gives more de-
tails of solving the analytical model H2B + HRashba to
qualitatively explain the observed conductance modula-
tions in the FET.
I. TITLING ANGLE IN THE BRILLOUIN ZONE
As explained in the main text, due to the intrinsic
local electric field of the in-plane dipoles in the mono-
layer WSe2 lattice (see Fig.1a and also Ref.[8] of the main
text), spins are organized in the Zeeman-like texture: one
6K
x
 (2pi/a)
K y
 
 
(2pi
/a
)
 
 
−0.1 −0.05 0 0.05 0.1
−0.1
−0.05
0
0.05
0.1
−90
−60
−30
0
30
60
90
FIG. 5: (Color online) Tilting angle Φ of the top valence band
in the first BZ surrounding the Γ point (kx = ky = 0). The
side-bar is the color coding for the values of Φ. Large areas
of the BZ have Φ ∼ ±90o (red or blue regions). Near the Γ
point Φ is less than | ± 90o| which means the spins tilt away
from the perpendicular direction of the 2D plane.
band has spin up (Φ = 90o) and the other spin down
(−90o) at the K or K ′ point of the BZ.
We have also calculated Φ in the first BZ surrounding
the Γ point as shown in Fig.1 of this EPAPS document.
Indeed, large areas of the BZ have Φ ∼ ±90o (red or blue
regions) especially away from the Γ point (kx = ky = 0).
Near the Γ point, Φ is less than | ± 90o| which means
the spins tilt away from the perpendicular direction of
the 2D plane. The angle Φ preserves three fold rotation
symmetry in the BZ which reflects the lattice symmetry
of the monolayer WSe2.
II. THE TWO BAND MODEL
In this section we propose an effective two-band model
Hamiltonian to account for the conductance modulation
found in the first principles calculations. To this end we
start from the two-band effective Hamiltonian proposed
in Ref.[4] for the K,K ′ valleys of the TMDC material,
H2B = at(τkxσˆx + kyσˆy) +
∆
2
σˆz − λτsˆz σˆz − 1
2
, (3)
where τ = ±1 denotes K or K ′ valley, respectively; a is
the lattice constant; t is the hopping integral; ∆ is the
energy gap; 2λ is the spin splitting at the top valence
band; the Pauli matrix σˆx,y,z is the pseudospin, indexing
the A = dz2 and B = (dx2−y2 ± idxy)/
√
2 orbitals; and
sˆx,y,z is for the real spin. Note that (kx, ky) is the wave
vector measuring from K or K ′ point.
We shall be interested in the conductance modulation
behavior occurring in the energy range of the valance
band, E = [−0.9,−0.75]eV where incoming electrons are
located at the top valence band K or K ′ valleys whose
spin polarization is Zeeman-like. Solving the eigen-value
equation H2B |v, τ, s〉 = E0v |v, τ, s〉, one can obtain the
eigenvalues of the uppermost valence band (v),
E0v =
λ
2
−
√
(∆− λ)2
4
+ (a× t× k)2, (4)
where k =
√
k2x + k
2
y. The corresponding eigenvectors
(of the uppermost valence band) have the form
|v,K,+〉 =
(
1
0
)
⊗
(
sin( θ2 )
− cos( θ2 )eiφk
)
,
|v,K ′,−〉 =
(
0
1
)
⊗
(
sin( θ2 )
cos( θ2 )e
−iφk
)
,
(5)
where φk = arctan(
ky
kx
) and θ = arccos( ∆−λ√
(∆−λ)2+(2atk)2 ).
Note that two states |v,K,+〉 and |v,K ′,−〉 are degen-
erate with the same eigen-energy E0v .
For our FET, as discussed in main text the gate volt-
age induces an extra Rashba-like SOI and breaks the
translational symmetry, as a result intervalley scatter-
ing between K and K ′ in the gate region becomes possi-
ble. From results of our ab initio calculation, we found
that for an incoming state k the deviation of angle Φ
from 90o becomes smaller when the momentum difference
δk = k′ − k becomes larger (where k ∈ K,k′ ∈ K ′), this
means scattering preferentially occurs betweenK andK ′
valleys at the same energy. The Rashba SOI induced by
the gate voltage is expressed as
HRashba =
~
4m2ec
2
sˆ · (∇V (r) × p), (6)
where V (r) is the electric field due to the gate voltage.
Treating scattering in the 2D plane and take Fourier
transform of Eq. (6) from real space to k space and,
in the basis of A and B orbitals,[27]
HRashba(k,k
′) =


0 0 UA− 0
0 0 0 UB−
UA+ 0 0 0
0 UB+ 0 0

 , (7)
with scattering matrix elements U
A/B
± =
i
∫
drV A/B(r)ei(k
′−k)·rk′ × k · (xˆ ± iyˆ), where we have
used notation V A/B(r) =
∑
R
V (r−R) (R ∈ A/B) to
denote the potential at position R and the coefficient
~
4m2ec
2 in Eq. (6) is incorporated into V (r−R).
We propose a simple model by combining H2B and
HRashba for our FET:
H = H2B +HRashba . (8)
From our ab initio results we can estimate a Rashba
strength which is found to be of the order 10−11eVm.
This is small and can be treated perturbatively. Accord-
ing to the degenerate perturbation theory, we obtain the
following eigen-value equation,
[〈ξ|H2B +HRashba|ξ〉 − E]φ = 0, (9)
7where ξ ≡
( |v,K,+〉
|v,K ′,−〉
)
. It is easy to find the eigen-
values to be E± = E0v ± |AA| where AA ≡ sin2( θ2 )UA− −
cos2( θ2 )U
B
− e
−2iφk . The corresponding eigen-function is
φ =
(
α
±β
)
where α = β = 1√
2
. The wave function is
therefore ψ± = α|v,K,+〉 ± β|v,K ′,−〉 for eigenenergy
E±.
For simplicity, we consider that a spin-up electron from
the K valley with kx = 0 is injected from the source
of a zigzag FET into the gate region (length L). As a
result of the Rashba SOI induced by the gate voltage,
the wave function emerging from the gate region can
be represented by ψ+eiky1L + ψ−eiky2L, where ky1 and
ky2 satisfies the corresponding eigenenergies E
+(ky1) =
E−(ky2). Then the probability of projecting it into spin-
up (|v,K,+〉) or -down (|v,K ′,−〉) with E0v(ky) is pro-
portional to cos2[(ky2− ky1)L/2] or sin2[(ky2 − ky1)L/2]
with different coefficients. Therefore, the total conduc-
tance is proportional to these oscillatory factors. This
shows that the induced Rashba SOI gives rise to the con-
ductance modulations shown in Fig. 3(b) of the main
text. It is evident that the length of gate region (L)
affects the period of the conductance modulation. In
addition, the gate voltage affects matrix elements UA/B
and hence the wave vector ky1,y2 that are obtained from
the eigenenergies, namely the period of the conductance
modulation is also influenced by Vg as we found in the
ab initio data.
